ABSTRACT
INTRODUCTION
Habitat structure and size can have major implications for the ecology and demography of populations, and thereby also to their genetic characteristics. Genetics, in turn, dictate how populations evolve, or fail to do so, in response to natural selection. Populations living in highly isolated habitats (whether natural or anthropogenically induced) can be subject to very different demographic, selective and genetic processes than those residing in continuous -or at least partially connected -habitats (Frankham et al., 2002) . Lakes and ponds represent habitats which are often highly isolated and in many ways analogous to oceanic islands. Evolution on islands may differ in many ways from that on mainland (Barton, 1996) . By analogy, evolution in ponds and lakes may differ in many ways from that in marine environments. For instance, assuming that effective population sizes in ponds and lakes are smaller than those in marine habitats, ponds and lakes may experience a lower incidence of advantageous mutations and accumulate larger drift load due to deleterious mutations (Kondrashov, 1995; Willi et al., 2013) . Likewise, if ponds and lakes have been frequently founded by a small number of colonists, the impact of the initial bout of strong random drift on their genetic constitution, and thereby evolution, might have been large (Mayr, 1954; Templeton, 1980; Wright, 1982; Carson and Templeton, 1984) . Last but not least, novel abiotic and biotic selective pressures -features not uncommon to populations colonizing islands (Losos and Ricklefs, 2009) or residing as habitat isolates (Levin, 1970; Lesica and Allendorf, 1995; Johansson et al., 2007; Willi et al., 2007) may have had a large impact on many pond and lake populations.
In general, island populations have lowered levels of genetic variability than mainland populations (Frankham, 1997) . Similarly, comparative studies of population genetic variability and differentiation in marine vs freshwater habitats in fishes have uncovered a large impact of habitat isolation on genetic characteristics of populations. A number of reviews (Gyllensten, 1985; Ward et al., 1994; DeWoody and Avise, 2000; Ward, 2004; McCusker and Benzen, 2010) and later case studies (DeFaveri et al., 2012) have provided evidence for lowered genetic variability and an increased degree of genetic differentiation among freshwater as compared to marine populations (Fig. 1) . These results align with the interpretation that populations in finite and often very small freshwater habitats exhibit smaller effective population sizes than those living in marine habitats where populations are also connected by at least occasional gene flow. It is noteworthy that the polarized patterns of genetic variability and differentiation in freshwater vs marine habitats cannot be explained by biased representation (e.g., differences in key life history traits influencing genetic variability) of species in each of these groupings; similar results are seen when populations of the same species residing in freshwater and marine habitats are compared (Mäkinen et al., 2006; Shikano et al., 2010; DeFaveri et al., 2012; Fig. 1) . Hence, genetically speaking, populations of freshwater fishes are analogous to populations of terrestrial species on islands. Genetic variability differentiation in putatively neutral marker genes in freshwater and marine fishes. a) Average expected heterozygosity and b) average F ST (±S.E) in allozyme loci in different fish species. c) Average expected heterozygosity and d) average F ST (±S.E) in 18 microsatellite loci in three-spined stickleback populations. e) Average expected heterozygosity and f) average F ST (±S.E) in 12 microsatellite loci in nine-spined stickleback populations. Data for a) and b) from Ward et al. (1994) , for c) and d) from Mäkinen et al. (2006) , and for e) and f) from Shikano et al. (2010) ; n, number of species/populations. Here, my aim is to explore the utility of small freshwater isolates (ponds and lakes) as model systems to study the genetic underpinnings of parallel phenotypic evolution. I will focus on the implications of small population size and a lack of (or restricted) gene flow on adaptation to novel and changing environmental conditions. In particular, I will explore the factors potentially influencing the likelihood of adaption to novel environmental conditions through similar (parallel) vs. different (convergent) genetic mechanisms, and whether these factors might differ between isolated (ponds and lakes) and open (rivers, marine habitats) populations. I will also briefly discuss the utility of small freshwater isolates as models for studies of molecular evolution and mutational loads. These should be consequential topics not only from the fundamental scientific point of view, but also from the applied perspective given the -often overlooked -importance of small freshwater isolates for ecosystem functioning and biodiversity (DeMeester et al., 2005; Downing, 2010) .
Utility of pond and lake populations to study of parallel evolution
Isolated pond and lake populations provide ideal study systems to investigate parallel phenotypic evolution, defined as the independent evolution of similar phenotypic forms derived from a common ancestor, and its genetic underpinnings for a number of reasons. First, they represent independent replicates of evolution in the sense that they are not influenced by gene flow, at least in the case of true physical isolates. Second, given the importance of long-term effective population size (N e ) as a determinant of the genetic characteristics of populations (see below), and the difficulties in actually measuring it (Luikart et al., 2010; Hare et al., 2011) , it is convenient that heterozygosity provides a valid surrogate of N e in population isolates (Kimura and Crow, 1964; Crow and Kimura, 1970; Ohta and Kimura, 1973) . Third, in the context of understanding the genetic underpinnings of phenotypic variability, population isolates may provide several analytical advantages over large outbred populations for gene-mapping (Peltonen et al., 2000; Karlsson and Lindblad-Toh, 2008) . Fourth, as in the case of recently colonized postglacial or volcanic lakes, the evolutionary rates can often be assessed fairly accurately from geological information (Mobley et al., 2011) .
Freshwater fishes have become important models for the study of parallel evolution. There are now numerous well-characterized examples of parallel evolution in diverse freshwater systems where fishes colonizing ecologically similar environments have evolved similar phenotypic characteristics (Tab. 1). This kind of repeated evolution of similar forms is difficult to reconcile except in the light of similar selection pressures driving evolution of similar forms: random processes such as genetic drift are not expected to result in independent evolution of similar forms in different localities (Schluter, 2000 , 2004) . In many instances, there is also genetic (Cresko et al., 2004; Colosimo et al., 2005; Chan et al., 2010; Østbye et al., 2008) and experimental (Endler, 1980 , Reznick et al., 1997 Barrett et al., 2010) evidence to support the contention that the observed parallelism is caused by selection acting on heritable phenotypic variation.
Genetics of parallel evolution
The evolution of similar phenotypes can occur through parallel (similar) or convergent (different) genetic changes (Arendt and Reznick, 2008; Elmer and Meyer, 2011; Conte et al., 2012) . In other words, populations can arrive at similar mean phenotypes by changes in the same or different genetic loci (or mutations). In a recent analysis of the probability of gene reuse in parallel and convergent phenotypic evolution, as inferred from data from a broad array of taxa, Conte et al. (2012) estimated mean probabilities of gene reuse ranging from 0.32 to 0.55, depending on whether the data was derived from genetic crosses or candidate gene surveys, respectively. For parallel evolution, the mean probabilities of reuse of the same genes ranged from 0.42 (data from genetic crosses) to 0.67 (candidate gene data), whereas for convergent evolution the corresponding probabilities were 0.24 and 0.51, respectively (Conte et al., 2012) . They also found that the likelihood of gene reuse declined with time since divergence, suggesting that likelihood of genetic convergence increases with time (Conte et al., 2012) . Despite the uncertainties associated with these estimates, they provide us with an exciting perspective which is conceptually similar to that provided by the concept of counter-gradient variation, referring to situations in which environmental influences generate phenotypic uniformity underlain by genetic differentiation (Conover and Schultz, 1995) . In other words, both in the case of counter-gradient variation and genetic convergence, phenotypic similarities are underlain by genetic dissimilarities. The common occurrence of these distinct phenomena points to a shared generality: heterogeneous genetic architectures may frequently underlie phenotypic similarity.
The importance of effective population size
An evolutionary response to natural selection depends critically on the availability of genetic variation: the less variation, the less likely and the slower the evolutionary response will be (Falconer and McKay, 1996) . In randomly mating populations, mutation and migration increase genetic variability, whereas drift and selection decrease it (Falconer and McKay, 1996) . Single locus neutral models show that the amount of genetic variability in a population is an increasing function of effective population size (N e ; reviewed in Willi et al., 2006) . This is for two reasons. Firstly, the influence of genetic drift, leading to the loss of genetic variation, diminishes with increasing population size (Kimura, 1955) . Secondly, fewer mutations appear in small than in large populations. However, given that the expected number of generations for the appearance of a new mutation at any given locus is 1/(µN e ), where µ denotes the per locus mutation rate (Mueller, 1964) , the impact of new mutations on genetic variability of recently established small populations, such as those living in post-glacially colonized ponds and lakes, is likely to have been low. Hence, the low levels of genetic variability in marker loci in post-glacially established pond and lake populations of fishes (see above; Fig. 1 ) suggests an important role for genetic drift in shaping their constitution. Likewise, the fact that new mutations are an unlikely source of novel genetic variation in small and young populations suggests an important role for standing genetic variation (Barrett and Schluter, 2008) in the evolutionary responses of these habitats.
The importance of selection
While migration tends to maintain genetic variation in populations, the influence of selection on genetic variability within populations is to reduce it. However, the effective population size matters here too: selection will be more efficient in large, than in small populations (Kimura, 1957; Robertson, 1960; Charlesworth, 2009) . When population size decreases, the impact of genetic drift increases and loci under selection start to behave as neutral when selection coefficients (s) become equal or smaller than 1/[2N e ]; Wright, 1931) . Hence, to prevent the loss of rare beneficial alleles due to genetic drift, stronger selection is required in small than in larger populations.
In polygenic traits, reductions in genetic variability by selection are lessened by a large number of underlying loci (Crow and Kimura, 1970; Robertson, 1960) . However, linkage disequilibrium created by selection on multilocus genotypes can reduce the number of independent loci due to the Bulmer effect (Bulmer, 1971) , which can lead to a substantial reduction in levels of additive genetic variance (V A ) (Verrier et al., 1991) . Further drops in V A due to selection are likely to ensue because selection reduces N e by reducing the number of reproducing individuals, effectively increasing their relatedness and variance in reproductive success. All these fuel to increase the strength of drift and thereby also the erosion of genetic variation (Robertson and Hill, 1983; Verrier et al., 1991) . Furthermore, the expected variance of V A increases with decreasing population size (and decreasing number of loci; Avery and Hill, 1977; Chakraborty and Nei, 1982) , and hence, small populations are expected to exhibit large variance in their levels of genetic variability, both in V A and single locus heterozygosities (Frankham, 1996) .
Given that genetic variability in small and recently es-N o n -c o m m e r c i a l u s e o n l y tablished pond and lake populations is constrained by losses due to drift and lack of input from new mutations, the accidental loss of low frequency beneficial alleles might be an important factor influencing the likelihood of their usage in adaptation. This especially in the view that most traits of ecological importance are likely to be polygenic (Falconer and Mackay, 1996; Hill and Kirkpatrick, 2010; Yang et al., 2010) , and thereby likely to be weakly selected at the level of individual loci (Turchin et al., 2012) . Hence, it seems possible that the likelihood of parallel genetic differentiation in small populations could decrease with the increasing number of genes coding for a given trait.
N e and selection -the importance of interaction
The reduced efficiency of natural selection relative to genetic drift in small populations, also demonstrated in empirical studies (Jones et al., 1968; Weber and Diggins, 1990; Frankham and Weber, 2000; England et al., 2003; Willi et al., 2007; Johansson et al., 2007) , illustrates how selection and N e can interact to influence evolutionary paths taken by populations. Using simple population genetic models supplemented with a literature review of 21 case studies, Cohan (1984a) highlighted the important point that identical selection regimes do not guarantee identical responses to selection: weak uniform (directional) selection combined with genetic drift results in a higher probability of fixation of alternative alleles than does pure drift over a wide range of initial allele frequencies (Cohan, 1984a; Fig. 2) . In other words, the likelihood of two populations experiencing similar selection pressures fixing the same positively selected alleles declines with decreasing N e . Hence, the likelihood of genetic parallelism is expected to be reduced in small populations. Conversely, large population sizes and strong selection are predicted to promote fixation of the same beneficial alleles in different populations derived from the same ancestral genetic pool.
Although Cohan's (1984a) conjecture has been supported by subsequent experimental work (Cohan, 1984b; Cohan and Hoffmann, 1989; Hoffmann and Cohan, 1987) , it seems to have received relatively little attention in the scientific literature, despite the recent surge of interest in the study of parallel evolution (reviews in: Ardent and Christin et al., 2010; Elmer and Meyer, 2011; Langerhans and Riesch, 2013) . Nevertheless, the increasing number of examples of functional convergence (by definition caused by different genetic mechanisms) aligns with the notion that similar or equivalent phenotypic responses are often achieved via convergent genetic mechanisms (see below). To sum up, when it comes to quantitative traits of ecological importance, small populations are expected to respond to directional selection less readily than large populations on average, but for a given force and direction of selection, these responses are expected to be more variable. One possible source of this variability may be the fixation and loss of alternative weakly selected alleles in different loci in small populations. By inference, parallel genetic responses could be more likely to occur in large, than in small populations, at least if the contribution of new mutations (and gene flow) for this divergence can be assumed to be small. Conversely, higher variance in the genetic constitution of small populations, such those residing in ponds and small lakes, might also facilitate the occurrence of convergent genetic responses in polygenic traits.
Major vs minor genes
In addition to the demographic and selective factors considered above, the likelihood of genetic parallelism may be influenced by various locus specific features (reviewed in: Christin et al., 2010) , including the effect size of contributing loci/alleles. Although genetic changes of large effect are expected to contribute infrequently to adaptation (Fisher, 1930; Orr, 2005) , potential disadvantages of largeeffect mutations are reduced when a population resides far from the optimal phenotype (Orr, 1998 (Orr, , 1999 Rogers et al., 2012 and references therein) . In other words, large-effect alleles might still be expected to contribute in new or changing environmental conditions when selection is strong. Although one can only speculate about the relative strength of selection in pond and lake vs marine environments, one thing seems logically clear: if genetic drift reduces the efficiency of natural selection in small pond and lake populations by rendering weakly selected, low frequency alleles effectively neutral, then one should perhaps expect a bias towards large effect alleles in adaptive transitions that have occurred in small freshwater isolates.
Coincidence or not, there are at least three well-characterized major genes (ectodysplasin: Colosimo et al., 2005; Pitx1: Shappiro et al., 2006; Kitlg: Miller et al., 2007) which have repeatedly contributed to adaptation to novel selection regimes in sticklebacks colonizing finite freshwater environments. Recently, Rogers et al. (2012) discovered that three-spined stickleback populations in lakes lacking predatory fishes showed a higher frequency of large effect QTL in body shape traits than those in lakes with predatory fishes. Under the reasonable assumption that the former represent selective environments more different from the ancestral marine conditions than the latter, these findings support the contention that the likelihood of adapting to strong novel selective pressures favors large effect loci/alleles.
Functional convergence
In addition to studies of parallel evolution, ponds and lakes have also started to attract interest in the context of convergent evolution, broadly defined as the occurrence of similar phenotypic forms which do not share recent ancestry, but have gone through a period of independent phenotypic and genetic evolution (Elmer and Meyer, 2011) . Although the distinction between convergent vs parallel evolution at the level of phenotype can be sometimes blurry (Ardent and Pearce, 2012) , convergent evolution defined in the manner above should not be confused with functional convergence.
Functional convergence refers to acquisition of similar functions through different phenotypic, and usually also genetic, pathways. It can also occur among populations sharing a common ancestor (Leinonen et al., 2012; McGee and Wainwright, 2013) . Perhaps the clearest examples of functional convergence at the intraspecific level are provided by cases where populations have solved the same functional problem by evolving alternative phenotypes. Studies made in replicate pond and lake populations provide several examples of this. Studying lateral plate variation in threespined sticklebacks, Leinonen et al. (2012) discovered that three-spined sticklebacks in a few northern Fennoscandian ponds and small lakes had not gone through the typical reduction in lateral plate numbers which occurs when sticklebacks colonize freshwater habitats (Colosimo et al., 2005) , but instead, reduced the height of their lateral plates rendering them effectively plateless. Genetic analyses suggested the possibility that reduction in plate size might have been an alternative pathway (sensu Bock, 1959) to reduce plate coverage in a situation where these populations were constrained by the lack of genetic variability (low plate Ectodysplasin alleles) to lose their plates (Leinonen et al., 2012) . Although the tests for functional equivalence of low plated and small plated forms are still lacking, it seems possible that the two forms represent an example of functional convergence. In a more recent study, McGee and Wainwright (2013) discovered that while independent freshwater populations of three-spined sticklebacks had evolved stronger suction force as an adaptation to feed on benthic food, different populations used different morphological means to create the same enhanced suction force. These examples illustrate the point that even in cases where the populations are derived from the same ancestral stock, and subject to (apparent) uniform selection, the response to selection may occur not only by parallel or convergent genetic changes influencing the same target traits, but also by genetic changes in different aspects of their phenotype (see Garland et al., 2010; Huey et al., 2000; Endler et al., 2001; Calboli et al., 2003; Spitschak et al., 2007 for additional examples).
Convergent genetic basis of parallel phenotypic evolution in ponds and lakes -empirical evidence
Apart from the evidence for functional convergence wherein a heterogeneous genetic basis for phenotypic similarity is clear-cut, empirical evidence for the convergent N o n -c o m m e r c i a l u s e o n l y genetic basis of parallel phenotypic evolution from freshwater fish populations is still scarce. However, studies of freshwater populations of three-spined sticklebacks utilizing genetic crosses have provided some evidence for the convergent genetic basis of parallel phenotypic evolution. In a study focused on three Alaskan lake populations of threespined sticklebacks, Cresko et al. (2004) found evidence for a parallel genetic basis for pelvis and armor reduction, presumably encoded by major gene effects in the Pitx1 and EDA loci, respectively. However, careful analysis of results from complementation crosses suggested that different minor genes also had contributed to armor reduction, and these effects differed in different populations. In other words, evidence for a partly convergent genetic basis of differentiation was recovered. Similarly, in the analysis of EDA-locus driven armor reduction in three-spined sticklebacks, Colosimo et al. (2005) found that in one of the 15 populations studied, a convergent genetic basis underlies the loss of lateral plates (see also: Leinonen et al., 2012) . Furthermore, as in the case of the three-spined stickleback, pelvic reduction in a Canadian nine-spined stickleback population appears to be controlled by a Pitx1 enhancer (Shapiro et al., 2006) . However, this seems not be to be case in all nine-spined stickleback populations: Stringham et al. (2000) have suggested that two other loci, unlinked to Pixt1, control pelvic reduction in two other populations of nine-spined sticklebacks (see also: Aldenhoven et al. 2010; Shapiro et al. 2009 ). Likewise, a recent QTL-analysis of genetic basis of pelvic reduction in a Fennoscandian nine-spined stickleback population has localized a large effect genetic factor responsible to pelvic reduction residing in a linkage group not containing Pitx1 (Shikano et al., unpublished data) .
Further evidence for a convergent genetic basis of parallel evolution comes from studies of eye loss in Mexican cave tetra (Astymax mexicanus). Crosses between fish from different cave populations restored the eyed phenotype only partially, suggesting that at some of the genes responsible for eye loss differ among populations (Wilkens, 1971; Wilkens and Strecker, 2003) . Similarly, Protas et al. (2006) demonstrated that albinism in two Astymax populations had evolved independently through different mutations in the Oca2 locus, and provided evidence that a third independent mutation in the same locus (or its regulatory region) might explain albinism in a third population. Gross et al. (2009) discovered that reduced pigmentation in two independent Astymax populations had evolved through different mutations in the Mc1r locus, providing further evidence for genetic converge towards similar phenotypes. Interestingly, the genetically isolated and independently evolved cave populations have strongly reduced genetic variability , suggesting that genetic drift might have had a large impact on the course of their genetic differentiation.
Similar examples are available from many laboratory and terrestrial systems as well (reviewed in: Ardent and Elmer and Meyer, 2011) , and the relative paucity of evidence for convergent rather than parallel genetic basis of evidence from pond and lake systems might owe to the fact that most studies are designed detect parallel genetic changes, whereas convergent changes go more easily unrecognized. For instance, in pairwise comparisons of independent colonisations of freshwater environments, parallel genetic shifts in allele frequencies across population pairs give suggestive evidence for genetic parallelism, whereas non-parallel shifts are harder to interpret (DeFaveri et al., 2011) . Likewise, the predominance of examples where major loci are underlying parallel genetic changes might be reflective of a bias caused by the ease at which genetic transformations in these loci can be detected. In this context, it is also worth pointing out that there is good evidence to suggest that the likelihood of parallel genetic evolution in the three-spined stickleback marine-freshwater systems might be profoundly affected by recurrent gene flow between marine and freshwater habitats (Schluter and Conte, 2009; Hohenlohe et al., 2012) . This might predispose the marine three-spined sticklebacks to respond to selection in the freshwater environment through parallel rather than convergent genetic changes. The same might apply also to anadromous salmonid populations where straying can transport the same beneficial alleles from one river to another -a possibility exemplified by a recent study of Miller et al. (2011) . This kind of possible bias should be of less concern in closed pond and lake populations, highlighting their utility for the study of genetic convergence.
Evolution in small populations -the paradox
In this context, it may be instructive to also consider the empirical evidence for evolutionary consequences of reduced effective sizes of pond and lake populations, and in particular, the fact that many pond and lake populations have apparently adapted to their respective habitats despite strongly reduced genetic variability. For instance, in spite of severely reduced genetic variability in isolated pond populations of nine-spined sticklebacks in Fennoscandia (Shikano et al., 2010) , these populations show evidence for a high degree of parallel evolution in multiple phenotypic traits, apparently in response to lack of predation (reviewed in Merilä, 2013) . Likewise, mosquitofish (Gambusia hubbsii) populations subject to strong genetic drift and low genetic variability (Shugg et al., 1998) show parallel adaptation in response predator mediated selection (Langerhans et al., 2007) . In the same vein, Koskinen et al. (2002) discovered that introduced graylings (Thymallus thymallus) subject to a severe population bottleneck and associated loss of genetic variability due to (documented) More similar examples could be given, but these suffice to raise the point: if low N e compromises evolutionary potential of local populations, why are we still seeing widespread adaptions in small ponds and lakes? Some resolution to this conundrum can be provided by the notion that the range of population sizes in which N e is expected to influence genetic variation in single locus and polygenic traits differs (Willi et al., 2006) . In the case of marker genes, reductions can be expected at N e in the ball-park of a few thousand, whereas variability in quantitative traits starts to become influenced when population sizes go below a few hundred (Willi et al., 2006) . Also, the length of the time (i.e. the number of generations) the populations remain at low size matters (Frankham et al., 2002) . Hence, it may be that in the cases listed above, reductions in quantitative genetic variability have not been too severe to compromise the populations' adaptive potential. However, it is worth keeping in mind that what has happened in populations that went extinct usually goes unknown. Likewise, although the positive relationship between genetic variability in single locus genetic markers and N e is well established (Frankham, 1996; Willi et al., 2006; see above) , empirical data on the relationship between additive genetic variance (V A ) and N e is much more scarce. Nevertheless, the expected positive relationship has been found at least in some case studies (Swindell and Bouzat, 2005; Willi et al., 2007) , and it seems to hold across studies as well, with some exceptions (Willi et al., 2006) .
Utility of population isolates to study molecular evolution
Although the theoretical prediction that the rate and pattern of molecular evolution is influenced by effective population size (N e ) is widely thought to apply, there are relatively few empirical studies directly testing this. In a comparative study of the effect of N e on molecular evolution, Woolfit and Bromham (2005) used independent island and mainland lineages to test for substitution rate differences under the assumption that the long-term N e of the latter are higher than that of the former. As predicted by theory, they found that island lineages had significantly higher ratios of non-synonymous to synonymous substitution rates than mainland lineages. However, overall substitution rates did not differ significantly (Woolfit and Bromham, 2005) . This was explained by a low signal-tonoise ratio in the data, as this kind of difference has been earlier demonstrated for lineages with reduced N e (Kliman et al., 2000; Woolfit and Bromham, 2003) . Similar studies comparing substitution rate differences could be easily performed in a number of pond and lake systems where the effective population sizes are either known, or can be safely inferred from estimates of heterozygosity under the assumption of population isolation (Kimura and Crow, 1964; Crow and Kimura, 1970; Ohta and Kimura, 1973) .
Conservation concerns and values
Given the low genetic variability in many pond and lake populations as compared to populations of the same species residing in continuous marine environments, the fitness consequences of this lowered genetic variability, or its correlates, are also of both fundamental and applied interest. While the lowered genetic variability can influence the persistence of pond and lake populations directly through their ability to respond to novel or changing selection pressures, such as those imposed by climate change (Hoffmann and Willi, 2008) , the genetic load imposed by small population sizes can also be of concern.
Segregation and drift loads measure the amount of fitness loss caused by segregation of recessive deleterious alleles due to inbreeding, and the load of deleterious alleles that have become fixed in the population due genetic drift, respectively (Lynch et al., 1995; Willi et al., 2013) . In large populations both types of genetic loads are usually low: deleterious recessive alleles are sheltered by being in a heterozygous state, and genetic drift is unlikely to create drift load as it is a weak force in large populations (see above). However, in small populations the likelihood of deleterious alleles appearing in a homogenous state increases (=inbreeding), as does the drift load.
As to the empirical studies with respect to fitness consequences of low effective population size in fishes, salmonids may represent the best and most commonly studied model systems (Wang et al., 2002; Waples, 2004) . Surprisingly, studies made on replicate populations of sticklebacks (popular models of ecological genetics research) in this context have been conspicuously scarce until lately (but see: Mazzi et al., 2002; Melhis et al., 2012) . For instance, the genetically depauperate pond populations of nine-spined sticklebacks (Shikano et al., 2010; Trokovic et al., 2012) would provide good models to study variation in segregation and drift loads in isolated replicate populations not subject to confounding effects of gene flow. In fact, empirical studies to this effect are still rare in any organisms (van Treuren et al., 1993; Paland and Schmid, 2003; Willi et al., 2005; Escobar et al., 2008; Coutellec and Caquet, 2011; Willi et al., 2013) . This in spite of the fact that the issue is important not least in the view that populations remaining small and isolated for extensive time periods, such as the post glacially isolated pond populations of nine-spined sticklebacks in Fennoscandia (Merilä, 2013) , are likely to accumulate substantial drift load with negative effects on mean population fitness. If so, their ability to adapt to environmental changes such as climate warming may be seriously constrained not only by low levels of genetic variability, but also by drift load (Hoffmann and Willi, 2008) . Finally, the fact that peripheral populations (including many pond and lake populations of various species) are often genetically and phenotypically distinct from central (and marine) populations gives them special value in a conservation context (Frankham et al., 2002; Gebremedhin et al., 2009) . In fact, for their size and frequency, their conservation value may be disproportionally large as compared to large and more central populations (Lesica and Allendorf, 1995) . If the perspectives put forth in this paper turn out to be generally correct, this may be even an understatement: if heterogeneous genetic differentiation underlying phenotypic similarity (i.e. genetic convergence), as well as the occurrence of functional convergence (by definition based on genetic divergence) are common, a lot of what has previously been perceived as homogeneity is in fact diversity.
CONCLUSIONS
Taken together, a rich body of ecological theory, starting from MacArthur and Wilson (1967) , has provided important insights towards the determinants of biotic ecological characteristics of habitat isolates (reviewed in: Losos and Ricklefs, 2009) . Similarly, early research on speciation had a strong emphasis on population isolates (Mayr, 1954; Carlson and Templeton, 1984; Barton and Charlesworth, 1984) : a theme which has attained renewed interest as ecology's role in the speciation process has come into focus (Schluter, 1996 (Schluter, , 2000 Langerhanz et al., 2007; Nosil, 2012) . Habitat isolates with reduced population sizes have also been the focus of a considerable amount of theoretical and empirical work in the context of conservation biology and genetics (reviewed in: Saunders et al., 1991; Frankham et al., 2002; Allendorf and Luikart, 2007) . All these vigorous fields of research focused on habitat isolates highlight the utility of ponds and lakes as model systems in contemporary evolutionary biology.
In this perspective, studies focused on isolated pond and lake populations are likely to continue to provide interesting opportunities to further advance our understanding of the process and genetic underpinnings of adaptation. Studies of genetically and demographically independent replicate populations derived from the same common ancestors (such as many post-glacially established freshwater populations of temperate zone fishes) have provided numerous examples of this (Taylor, 1999; Schluter, 2000; Rogers et al., 2013) . Here, my argument has been that these study systems may yield even more. In particular, the many-fold consequences of reduced effective population size of pond and small lake populations on their genetic constitution might predispose them to respond to uniform selection differently. In other words, the loss and random fixation of (even beneficial) alleles due to founder effects and genetic drift might promote evolution of heterogeneous genetic architecture underlying phenotypic adaptation to similar selection pressures in replicate populations. Therefore, evolution of parallel phenotypic differentiation in response to similar selection pressures through convergent genetic changes might be more likely in small (more divergent genetic architecture) than in large (more similar genetic architecture) populations. Similarly, by providing independent replicates of evolution, isolated pond and lake populations are likely to provide us with useful model systems to study and test ideas in the realms of molecular evolution and conservation genetics. 
